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Alexande r , Mich ael P . This report provides guidelines for identifying, surveying, and accurately calculating dredging volumes for sand waves in navigation channels. Longitudinal and cross-channel sur-
• veying practices are evaluated and discussed as t hey pertain to sand waves. Volume calculation metho do logy is then presented in relation to sand wave dredging volume estimation.
Conven t i onal dredging methods and procedur es are discussed as they pertain to sand wave dredging. Al though conventional dredge types a r e effective at sand wave mit i gation, inefficiency is a p rob lem. The unique shape of sand waves in navigation channels has led to experimentation a nd development of innovative leveling techniques. These experiments and I techniques a r e also described. • t Figure 1 . Sand wave crest protrusion into channel dimensions typically used synonymously, the latter terminology of flat bed, ripple, megaripple, and sand wave will be adhered to in this and subsequent reports.
(A more complete explanation of such terminology and related geomorphic characteristics can be found in Lillycrop and Alexander (in preparation) .) The term sand wave will be used throughout this report to describe the wavelike bed · forms that interfere with navigation in waterways. This term is generally descriptive of a bed form large enough to interfere with navigation, as well as large enough to warrant specialized mitigation techniques beyond conventional dredging and disposal. Inquiries to US Army Corps of Engineer Districts have identified sand waves as a fairly prevalent form of navigation interference in all types of dredging environments (Figure 2 ). The point is that sand wave mitigation can be an effective dredging specialty for Corps projects.
3. Two general approaches can be taken to mitigate a sand wave navigation problem . As discussed in Lillycrop and Alexander (in preparation) , the first alternative is through development of sand wave dredging procedures and equipment. The second alternative is to change the channel design or modify existing structures to alter local sand wave-conducive hydrodynamic condi- site-specific and will become obvious to the planner as work progresses.
Identifying and calculating a dredging volume over a sand wave field requires specialized hydrographic survey practices. 13. Standard hydrographic surveying system calibrations (HQUSACE, in preparation) should be performed prior to any payment survey. Other than calibration and control errors, water-surface wave action becomes the most important field error correction for sand wave surveying. Generally, a survey vessel will not be able to work in water with surface waves that are comparable in height and wavelength to sand waves that are causing navigation problems. Therefore, it will be fairly easy to distinguish wave action on the strip chart (or other type plot) as opposed to a large-scale bed form. Wave action should not be confused with actual bed forms. Where smaller bed forms such as ripples and megaripples (Lillycrop and Alexander, in preparation) are superimposed on the actual sand waves, it may be difficult or nearly impossible to distinguish them from surface wave effects. Fitting a smooth curve over the larger sand wave profile will produce an acceptable accuracy for subsequent volume estimates. In most cases the smaller bed form contribution will "average out" when a smooth curve profile is fitted over the sand wave. Figure 6 shows a typical sand wave fathometer chart trace with superimposed surface waves and suspected smaller bed forms identified.
14. Surface effects will be negligible for some situations, a calm day on a river, for example, but they must be accounted for in the majority of coastal and most estuarine environments. Although there are various methods and approaches for "smoothing" wave effects in hydrographic survey data, the best approach for sand wave surveying is to estimate the surface wave heights encountered during the survey. Wave data information can then be provided to office personnel carrying out data reduction. If field wave information is not available to personnel performing the data reduction in the office, graphical irregularities could be attributed to wave action, and the assumption that there is a flat channel bottom may completely hide the presence of bed forms during data processing. It is equally important not to use automated known that the waterway has a generally flat bottom. Should such processing take place before fathometer survey profiles are inspected visually, the presence of sand waves could go undetected. The most accurate technique would be to hand-smooth through the raw data trace based on field observation of wave heights ( Figure 7 ) and then digitize the smoothed trace to more accurately represent bottom conditions. This technique will no doubt slow the data reduction process, but data reduction accuracy will be increased and considerable volume differences could be realized. Adjusting chart speed to produce an elongated profile on the horizontal axis may make this task easier. 20. Figure 12 depicts a plan view of a hypothetical case 1 sand wave encroaching across a section of navigation channel and corresponding longitudinal track lines. Track line spacing should be in accordance with the surveying and mapping EM (HQUSACE, in preparation) . End areas at each section are calculated as shown in Figure 13 over the cross section of the sand wave.
Each end area should be delineated into "segments," generally rectangles, trapezoids, and triangles. Care should be taken to arrange the segments to fit the end area as accurately as possible . This involves "fitting" the standard geometric shapes to minimize portions of excluded area due to curvature (also shown in Figure 13 ). (Graphical methods of fitting the segments can be well within the overall surveying system accuracy, but computerized segment fitting and subsequent end area/volume calculations can be much faster as well as more accurate.) Standard area formulas for triangles, trapezoids, etc.,
should be applied to the various segments and the values summed for the total end area. Increasing the number of segments over any lateral irregularities and curvature will minimize the error (indicated in Figure 13 ) and increase dredging volume in this reach could be incorrectly calculated at 286,000 yd 3 .
Such an oversight could result in underestimating the volume. With three sand waves present, each having a crest height of 5 ft (Figure 17 ), the volume would be increased by 33,000 yd 3 for each of the three sand waves, resulting in a total correct volume of 385,000 yd 3 Another situation such as crosschannel track lines ume of 438,000 yd 3 .
spaced equally at 500-ft intervals would result in a volThis value includes an error of over 50,000 yd 3 Therefore , by including track lines C-C, F-F, and I -I, resulting calculations do not produce such an error . Even more serious errors would be introduced should a trough section be missed altogether. Table 1 53,000 (14% over) sediment influx in coastal areas includes sealing jetties against sand intrus1on. Generally, in a source-limited situation, the farther away dredged sand is placed or diverted from sand wave-conducive conditions, the better. Where sediment influx becomes impractical to alter, such as along a river reach, dredged sand wave material can be disposed of economically adjacent to the channel in open water. Hydrodynamic conditions and sediment influx causing sand waves in a given area create a complex and interrelated problem for maintaining navigation and are the focus of ongoing and future research within the sand waves work unit. Guidance for evaluating sand wave dynamics on a sitespecific basis will allow an economic analysis of sand wave problem solutions, whether they be innovative or conventional. 28. The following sections discuss efficient use of conventional dredge types for sand wave dredging. An attempt is made here to highlight advantages and disadvantages associated with using various conventional dredges for sand wave dredging, all other factors being equal. Dredge equipment availability as well as type in a given area are often controlling selection factors.
Since mobjdemob costs can be such a significant portion of a contract, a dredge close to a given job can be more cost effective than a more efficient type of dredge (in terms of production) with greater relocating costs. 37. Because most cutterhead dredges are not self-propelled, support vessels are necessary to transport the dredge . Relocation can be a timeconsuming effort with cutterhead dredges since sand wave crest spacing can vary from several hundred to several thousand feet, and problem reaches may be multiples of miles apart in a river or estuary. Therefore dredge plant mobility is an advantage for sand wave mitigation. The cutterhead itself on a cutterhead dredge is not needed for dredging noncohesive sands. Plain suction pipeline dredges could be as efficient, but cutterhead operation is still necessary in noncohesive material to avoid obstructing material entrainment.
Cutterheads are most efficient when a more continuous pumping cycle can be maintained. In general, a cutterhead dredge capable of operation in a deepdraft navigation channel is "overpowered" for case 1 sand wave situations. A case 2 situation offers more continuous operation and makes the dredging process more efficient.
Dustpan Dredges 38. The dustpan dredge was developed by the Corps of Engineers for maintaining channel dimensions on rivers during low stages (HQUSACE 1983).
The dustpan dredge was designed to operate in sheltered waters, predominantly riverine systems with bed loads consisting of sands and gravels. Its high volume capability and the fact that it can remove a high lift of material at a sand wave crest (Figure 20 ), for example, make it an effective tool for sand wave mitigation. It is self-propelled and was designed to move quickly to problem areas over long distances. Dustpan dredge attendant plants and discharge pipelines are also designed for quick assembly, and the dredges can easily move to the side of the channel for passing vessels. Mobility and the ability to remove a high lift of material make the dustpan effective at riverine channel maintenance, including sand wave mitigation.
The limitation with dustpan dredge use is that it operates in calm waters.
The design is not applicable to any significant wave environment. This precludes use at coastal, estuarine, and some riverine sites where rough waters are encountered. Environmental concerns at many locations may also disallow the type of open water material discharge used by dustpan dredges. Bucket/Clamshell Dredges 41. Bucket (or clamshell) dredging is one of the oldest and simplest dredging concepts. Bucket dredging production is relatively slow compared to hydraulic pipeline dredges. It is not expected that bucket dredging will be widely used for sand wave mitigation, but it may be a cost-effective alternative for some situations due to low mobjdemob costs . Bucket dredging may prove economical for a single or limited number of case 2 sand waves ( Figure 21 ). Where a small volume of crest material is creating impedance to navigation, the bucket dredge may be able to remove the crest and swing the material into an adjacent trough or other nearby disposal site. Where swing distance is insufficient, a barge or scow may be necessary to transport dredged crest material into an adjacent trough. Material may also be pumped from the barge/scow to any specified disposal site. Where sediment influx is a given, the aim of improved sand wave reach dredging is to prolong the interval between conventional dredging operations by using below-project-depth trough sections as disposal sites for adjacent crest shoals. This can be accomplished by leveling sand wave crests hydraulically, mechanically, or by a combination of both. Given the typical profile of a case 1 sand wave in a navigation channel, logic dictates that project depths can be restored by moving the crest material into the trough, thereby producing a "flat" bed either at or below project depths. Although the concept is easy to understand, accomplishing this task easily and economically presents a challenge. This section of the report discusses innovative techniques and approaches to bed form leveling between more extensive dredging operations.
SPUDS
43. Some of today's innovative concepts for sand wave dredging can be traced back to the 1860's when scraping devices were employed on the Mississippi River. Ockerson (1898) describes some of these early dredging techniques: a boat equipped with a scraper frame on the bow moved to the upstream end of a "crossing," lowered the scraper frame, and then backed slowly downstream, scraping sediment with it into the "pool" below the crossing. Such dredging operations were successful at increasing navigable depths by up to 1.5 ft. Scraping is still an example of a viable concept for sand wave dredging today.
44. In the late 1800's, research aimed at maintaining navigable depths during low water on the Mississippi River studied the use of scraping, stirring, and mixing devices. This early research concluded that in order to agitate the bottom by some mechanical means such as water jets, harrows, or plows, it must be presumed that the sand, agitated and thrown up into the water column, will be carried off by the ambient current. It was further concluded that it is comparatively easy to agitate or stir up the bottom, but that ambient currents are inadequate to transport the agitated sediment, except under very favorable conditions . For rivers, favorable conditions would mean high stream velocities associated with spring freshets or floods.
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Such favorable conditions may never be attained at tidal inlets in coastal areas . In order for sand to be transported any considerable distance downstream, strong ambient current velocities are necessary. Based on the present level of knowledge of sand wave dynamics, these favorable ambient forces, in terms of transporting agitated sediment, are also the generative force behind sand wave development. On rivers, a more successful technique would be to level sand waves during the onset of low stream power conditions to take advantage of the interval between hydraulic conditions conducive to sand wave development (high flows) and conditions that are below significant bed load transport (low flows) .
45. Aside from episodic storm events, the hydraulic conditions at many coastal areas are more periodic. Design modifications (i.e., channel dimensions) could be considered at both coastal and riverine systems before using a leveling technique in an area with rapid sand wave re-formation time. Where sand waves are determined to build more slowly, a leveling technique may be cost effective between more extensive dredging operations.
Agitation Techniques 46. As described in Richardson (1984) , current agitation dredging technology seems to use the same brute force techniques that were used (with limited success) prior to development of the hydraulic pipeline dredge . A form of agitation dredging is the premise for extending the conventional dredging interval for sand wave-prone areas. Vessel propwash techniques are described by Richardson, but are usually most applicable to shallow harbors and berths.
A narrowed portion of the authorized channel width may be inadvertently "maintained" by passing vessel action and associated propeller wash. This can allow a more lengthy dredging interval and result in a case 2 dredging scenario later on. The following sections describe systems and techniques specifically designed for agitation dredging .
47. Recent agitation dredging research has taken place in Europe (Meyvis and Marain 1988) dealing mainly with silts and muds. The difficulties encountered with this research parallel those with sand wave agitation: ambient currents are generally insufficient to carry thixotropic muds, as well as coarse sands. An experimental forced air and water jet boom was developed and tried in an effort to suspend the muds. Water jet action was intended to 31 fluidize the material and air bubbles rising through the water column were intended to raise the mixture high enough in the water column so that it could be carried away by ambient forces. This device did not prove effective at suspending material in the water column. Its limited success was due to raking action (Meyvis and Marain 1988) . Water injection techniques alone have also been developed in Europe, and paragraphs 54-56 describe the production agitation dredge Jetsed. The US Army Engineer District, Portland, also has experience with a water injection sand wave dredging vessel (paragraph 57). forces are sufficient to move the agitated sediment into deeper waters (Richardson 1984) . Although some of these criteria are met in a typical sand wave reach, the sands can be large in grain size or gravelly and therefore too "heavy" for significant ambient current transport.
49. Various farm harrows, rakes, and !-beams have been and continue to be used and experimented with at small-scale dredging projects (Figure 23 ).
Such methods are applicable to case 1 sand waves. Testing was carried out by the Portland District in 1971 (Lagasse 1975 Water Injection Dredging 53. The term water injection dredging is used here to describe the agitation, suspension, and/or force (fluid momentum) exerted by water jets as a dredging technique. Since the technique is a form of agitation dredging, ambient current transport is an important consideration. High-velocity agitation dependent on ambient current transport has been developed successfully in fine-grained material (Estourgie 1988) . Two dredging vessels are discussed in order to describe these concepts from a field operations viewpoint.
The Jetsed 54. The Jetsed is a self-propelled water injection agitation dredging vessel designed, built, and licensed by Volker Stevin Dredging, The Netherlands (Estourgie 1988) . It is 90ft long and 46ft wide. A central pipe is 34 raised/lowered between its catamaran hull (Figure 24 ), which supports a 46-ftwide agitation boom. Supply water is pumped through the pipe and boom where jet nozzles evenly distribute the water force. Two supply pumps operate in parallel for a combined flow to the boom of 118 ft 3 ;sec at 22 psi. Separate engine/propulsion units are located on both the starboard side of the bow and the port side of the stern allowing excellent maneuverability. was insufficient to suspend the coarse sands encountered any higher than a few feet above the boom; (b) positioning the vessel was very difficult with the tug, which made the high production rates short-lived; and (c) ambient currents were slow (1-2 fps), and subsequently provided little assistance with suspended sediment transport distances. Some degree of effectiveness was obtained by the boom's raking action over the crests of the sand waves, although it was not designed as a scraping device. Although the concept proved effective, the costs of the vessel as compared to more conventional dredging are not competitive. However, design modifications and improved maneuverability could maintain higher production rates, making this dredging concept cost effective. For more complete details on these exercises, refer to Martin, Banks, and Alexander (1990) and Granat and Alexander (in preparation) . b. Develop design guidance for site-specific applications to evaluate the feasibility of a specialized sand wave mitigation technique. This will include hydrodynamic alterations and dredging (maintenance) options. Empirical and analytical techniques will be incorporated.
. The concept behind the
c. Once basic research has been conducted, evaluate possible dredging techniques and designs to efficiently dredge sand wave-prone navigation channels.
d. Develop a conceptual design of a sand wave dredge. 
